The influence of organic nutrients on the evolution of Pseudo-nitzschia delicatissima cultures was investigated in an enrichment experiment with high-molecular-weight dissolved organic matter (HMWDOM) and in an uptake assay with 15 N-ammonium and 15 N-urea. HMWDOM was extracted from seawater collected at a nearby shore station during the decline of a diatom bloom. Four incubations were prepared: L1/5+DOM (P. delicatissima grown in L1 growth medium with 1/5 of the nitrate concentration of standard L1), (L1-N)+DOM (L1 without nitrate, i.e. nitrogen-deficient treatment), L1-DOM (control culture without added DOM) and BV+DOM (bacterial and viral control, free of microalgae). Incubations were carried out for 10 days. Chlorophyll a concentrations differed after day 4 and reached higher levels in the L1-DOM incubation by the end of the experiment; however, similar growth rates were observed in all incubations (1.64 ± 0.05 divisions day -1 ). The persistently lower cellular chlorophyll content in (L1-N)+DOM during the experiment was consistent with N limitation conditions. The data suggested that the nitrogen needed for the growth of (L1-N)+DOM cells might have originated from the DOM. Based on the results of 15 N uptake assays, it was concluded that P. delicatissima more readily acquires ammonium than urea. Nevertheless, under low N conditions, P. delicatissima may use urea as an alternative N source, and comparable photosynthetic rates are attained on either substrate. Taken together, our results suggest a positive effect of organic nutrients on the growth of P. delicatissima.
have shown that the former were free of serious errors (Williams, 1995) . While the importance of 38 this active organic pool remains the focus of current investigations, much remains to be understood 39 regarding the complex mechanisms and dynamics underlying the production and decay processes 40 inherent in multitrophic levels (Hansell and Carlson, 2002) . Interactions with the microbial loop 41 involving processes of excretion, lysis, remineralisation and predation are but a few examples 42 (Sondergaard et al., 2004) . Within DOM, the dissolved organic nitrogen (DON) is an important 43 component of the total nitrogen present in marine systems (Berman and Bronk, 2003) . The 44 increasing amounts of urea being deposited in coastal waters account for the fact that it is a 45 significant component of the total DON pool, motivating therefore the existent research of the 46 dynamics of this organic nitrogen resource in order to better understand its effects on the structure 47 of the food web . 48
Several algal species forming harmful algal blooms (HABs) are able to use mixotrophic 49 mechanisms, rather than strict autotrophic ones, to dominate phytoplankton blooms (Glibert and 50 Legrand, 2006) . Knowledge of the nutritional preferences and acquisition mechanisms employed by 51 potentially harmful species is therefore critical to better comprehend the development and 52 maintenance of HABs. The ability of flagellate life forms to overcome low nutrient affinity by 53 complementing their diet of inorganic nutrients with organic ones is a well-known survival strategy 54 of this microalgae group (Collos et al., 2007; Smayda, 1997) . Although inorganic nutrients are 55 regarded as the main source of diatom sustenance, past (Lewin and Hellebust, 1976 ) and present 56 (Berman and Bronk, 2003; Seitzinger and Sanders, 1999) research has focused on the availability 57 and uptake of organic substrates by diatoms as a means of diversifying from conventional trophic 58 pathways. 59
Toxic blooms of Pseudo-nitzschia spp. are associated with the production of domoic acid, a 60 toxin that may induce a form of neurological damage known as amnesic shellfish poisoning (ASP) 61 in consumers of contaminated vectors such as shellfish and sardines (Bates et al., 1998; Fryxell et 62 al., 1997) . The danger posed by ASP has economic consequences as well arising from the 63 precautionary closure of shellfish harvesting when high levels of toxin and/or toxin-producing 64 diatom species are detected (Addison and Stewart, 1989 collected by 5-µm gravity filtration, which allowed the simultaneous exclusion of most bacteria 119 from the original culture (Doucette and Powell, 1998) . Cells were further resuspended in N-120 depleted growth medium for 6 h to ensure minimum ammonium concentrations at the beginnings of 121 the experiments. Two series of 1-h incubations were prepared by adding 13 C-labeled bicarbonate to 50 122 ml of N-starved cultures at a fixed concentration, followed by the addition of either 15 N-ammonium 123 or 15 N-urea in a range of nitrogen concentrations (0.1, 0.2, 0.5, 1, 2, 3, 5, and 10 µM-N), with a total 124 of eight experimental sets per series. Concurrently, separate, short-time, 50-ml incubations with a 125 fixed N source ( 15 N-ammonium or 15 N-urea) were established every 15 min to follow the short-time 126 evolution of N-uptake. After incubation, all cultures were filtered through pre-combusted (4 h at 127 450°C) Gelman A/E filters (1-µm equivalent pore size). The filters were subsequently dried (60°C 128 for 24 h) and then stored at room temperature until analysis. 129 130 N-uptake calculations.
15 N-enrichments were converted to N-specific uptake ratesof N-ammonium 131 (V N-ammonium ) and N-urea (V N-urea ), as described in Collos et al. (2005) . Since N-specific uptake rates 132 vs. substrate concentrations followed saturation kinetics, the Michaelis-Menten nonlinear regression 133 was applied to estimate the half-saturation constant (K s , µM-N), the maximum uptake rate (V max , h -134 1 ), and the initial slope (α, L h -1 µgat N -1 ). The latter was obtained from the uptake rate at 0.5 µM-N 135 concentration (Hurd and Dring, 1990 (Alliance Evolution II) using standard colorimetric techniques (Grasshoff et al., 1983) . Urea 141 concentrations were determined according to the method of Goeyens et al. (1998) . Samples for the 142 analysis of organic elements were filtered through 0.7 µm filters (pre-combusted at 450ºC for 6 h 143 and washed with Milli-Q water before sample collection). DOM was estimated by the distribution 144 of dissolved organic carbon, dissolved organic nitrogen, and dissolved organic phosphorus (DOC, 145 DON, and DOP, respectively). DOC was determined by high-temperature catalytic oxidation using 146 a Shimadzu TOC-V (Álvarez-Salgado and Miller, 1998) from samples fixed with H 3 PO 4 and stored 147 at 4ºC in 10 ml flame-sealed glass ampoules (pre-combustion: 450ºC, 24h). Total dissolved nitrogen 148 (TDN) and total dissolved phosphorus (TDP) were determined using a Bran+Luebbe AA3·auto-149 analyzer, after persulfate oxidation (Grasshoff et al., 1999) Probes), mixed with yellow-green latex beads (Polyscience) as an internal standard, and run at low 162 speed until 10,000 events had been registered. Bacteria were identified by their signature in a plot of 163 side scatter (SSC) versus green fluorescence (FL1). Virus-like particles were glutaraldehyde-fixed 164 (0.5% final concentration) and stored as described for the bacterial samples. Unfrozen samples were 165 further diluted in TE buffer, stained with SYBR Green I for 10 min at 80ºC in the dark., cooled, and 166 estimated by cytometry (Brussaard, 2004) . (Fig. 1b, c) . Phosphate slowly accumulated in (L1-177 N)+DOM (Fig. 1d) , whereas the opposite pattern was observed in L1/5+DOM; in L1-DOM, 178 phosphate peaked at day 4 and decreased thereafter. In the BV+DOM incubation, phosphate 179 decreased at the beginning and end of the experiment, while in mid-experiment (days 4 -8) it 180 accumulated. In most incubations, there was an initial and final decrease in silicate concentrations 181 ( Fig. 3) . However, chl a concentrations markedly differed after day 4, 192 reaching higher levels for L1-DOM and lower levels for (L1-N)+DOM by day 10 (32.6 ± 0.7 and 193 7.1 ± 0.1 µg L -1 , respectively), thus accounting for a difference in chl a content (320 and 207 fg chl 194 a per cell on day 10, respectively). This 1.5-fold difference was already present at the beginning of 195 the incubation period. Total bacteria (Fig. 4) rose steadily until day 6 (or day 8 in L1/5+DOM 196 treatment), after which the number of cells declined. An exception was noted in the L1-DOM 197 control, in which the initial increment until day 4 was followed by a second increase (days 6 -10). 198
Bacterial growth remained low during the experiment. Viral abundance ( The V N-ammonium and V N-urea along the concentration gradient were fitted to the Michaelis-Menten 223 model (Fig. 7a, b) . There are some indications of multiphasic uptake with an initial phase transition 224 between 3 and 5 µM-N for both N sources. In particular, for ammonium, a single Michaelis-Menten 225 model clearly tended to overestimate uptake between 1 and 5 µM-N and to underestimate it at 226 higher substrate concentrations. The existence of multiphasic uptake systems was confirmed by the 227 discrepancy noted in the kinetic parameters values obtained from the two substrate concentration 228 ranges, 0.1 -3 and 0.1 -10 µM-N (Table I) . For both V max and K s , values for ammonium were 229 higher than those for urea. Still, similar inorganic carbon uptake rates were attained for cells grown 230 in either 15 N source, implying comparable photosynthetic rates (Fig. 8 ). The C:N uptake ratios were 231 nearly 8 for the ammonium series, indicating balanced growth, and nearly 100 for the urea series, 232
clearly revealing a deficit in nitrogen supply in those samples. Although the pulsed nitrate was readily consumed, resulting in a generally stable 261 concentration of this nutrient, an increase in uptake was apparent by the end of the experiment, 262 coincident with a decrease in the ammonium concentration to below 1.4 -2.5 µM. This result can 263 be explained by ammonium-metabolite inactivation of nitrate uptake (Flynn, 1991) at ammonium 264 levels higher than this threshold value, as has been previously observed in several phytoplankton 265 species (Dortch, 1990) . Indeed, the DON accumulation detected in the L1-DOM incubation from days 6 to 8 (Fig. 2) gave 299 rise to a low DOC:DON, which, according to published literature, is not feasible (Bronk, 2002) . The 300 fact that, in L1-DOM, nitrate uptake per unit chl a during days 6 -8 was above the maximum 301 possible (Collos et al., 2005) points to an incorrect estimation of this parameter on this occasion. 302
Although the chl a concentrations in (L1-N)+DOM were lower than in the other treatments, 303
Pseudo-nitzschia delicatissima abundance was similar in every incubation. Throughout the 304 experiment, the chl a cell content in (L1-N)+DOM was lower than in L1-DOM, which is consistent 305 with DIN limitation (Caperon and Meyer, 1972; Thomas and Dodson, 1972) . This may also indicate 306 mixotrophic growth, whereby some or most of the nitrogen (and carbon) would have come from 307 DOM, thus reducing the need for photosynthetic pigments while maintaining comparable cell 308 concentrations (Fig. 3) . Similar trends were observed in Chrysophycea (Lewitus and Caron, 1991) , 309 in which glycerol addition led to a two-fold reduction in cellular chl a content while the growth rate 310 increased. Moreover, the fact that DON from (L1-N)+DOM was constant during the entire 311 experiment implies a fast uptake of organic nitrogen inputs. Overall, although unialgal cultures do 312 not allow the inference of straight-forward utilization of organic nutrient sources by microalgae, one 313 is tempted to suggest that organic nitrogen provides, directly or indirectly, a nutrient source to 314 maintain P. delicatissima at high concentrations. 315
In the DOM control (L1-DOM), virus-like particles remained at a minimum until bacteria 316 reached their maximum abundance, by the end of the experiment, implying that viruses need a 317 minimum host level to trigger an infection cycle (Weinbauer, 2004) . The decrease in bacterial 318 numbers in DOM-enriched treatments over the last days (days 6 -10) of this study likely reflected 319 the interplay between viral lysis and (as already discussed) nutrient limitation (Fuhrman, 1999 ; 320 Williams, 1995) . Indeed, the trend in P. delicatissima may be towards uptake rather than storage, which, in turn, 330 allows a rapid assimilation of nutrients into the build-up of biomass (Collos, 1986; Tilman et al., 331 1982) . These data concur with the classification of Pseudo-nitzschia delicatissima as an r-strategist 332 (Quijano-Scheggia et al., 2008b) . 333
The release of ammonium during urea assimilation was observed previously in microalgae 334 and often implies the presence of interacting mechanisms to regulate the uptake of these N 335 substrates (Jauzein et al., 2008) . Nevertheless, in this experiment, ammonium excretion was not 336 apparent during the assimilation of urea, likely excluding interactions between ammonium and urea 337 upon their uptake. The kinetic parameters were within the range determined for coastal 338 phytoplankton assemblages and cultured neritic diatoms (Eppley et al., 1969; Kudela and Cochlan, 339 2000 ref. therein). More specifically, for ammonium, the K s value was similar to that of P. australis 340 (Cochlan et al., in press) when the entire concentration range was taken into account. There is also 341 some evidence for multiphasic uptake in data from Cochlan et The latter is more similar to that seen in some strains of Alexandrium catenella (Jauzein et al. 347 2008) . At 10 µM-N, there was a 30-fold difference between ammonium and urea uptake in our 348 study vs. the five-fold difference reported by Cochlan et al. In both species of Pseudo-nitzschia, 349 ammonium is clearly preferred to urea. 350
The preference for ammonium is often related to transport mechanisms and the biological 351 energetic costs involved in the synthesis of urease, needed for the assimilation of urea (Berman and 352 Bronk, 2003) . However, the K s values suggested that during periods of low nitrogen concentration 353 P. delicatissima may turn to urea as an alternative N source, as already observed for other diatoms 354 (Rees and Syrett, 1979 ). In our case (Fig. 1a) , the rather high K s for ammonium indicated that 355
Pseudo-nitzschia spp. could not compete with bacteria for this N source (Fuhrman et al., 1988) and 356 was thus probably forced to use organic N compounds such as urea for growth. Similar carbon-357 uptake levels point to comparable photosynthetic rates in P. delicatissima growing on either 358 substrate, possibly due to the fact that urea provides both nitrogen and carbon to the cells (Berg et 359 al., 1997) . Previous work evidenced the ability of Pseudo-nitzschia australis to grow equally well 360 on urea as on other inorganic N sources (Howard et al., 2007) . 361 Mediterranean areas (Caroppo et al., 2005; Quijano-Scheggia et al., 2008a) , whereas in Korean 373 waters P. delicatissima blooms occur after P. pungens events (Cho et al., 2002) . 374
It has been reported that natural assemblages of Pseudo-nitzschia spp. growing on 375 predominantly urea-based regimens produce more domoic acid than when growing on inorganic 376 nitrogen compounds (Howard et al., 2007) . The increasing loads of urea deposited into coastal 377 waters worldwide could therefore imply an increase in the toxicity of Pseudo-378 nitzschia delicatissima blooms. Conclusive evidence is nevertheless only possible by direct tests on 379 toxic blooming strains, due to the diverse nutritional mechanisms of P. delicatissima cryptic 380 complexes. 381
The wide temporal blooming season of Pseudo-nitzschia delicatissima has been explained 382 by the succession of multiple genotypes of this species (Orsini et al., 2004) . It can therefore be 383 hypothesized that strains able to profit from the presence of organic substrates thrive during periods 384 of low inorganic nutrient concentrations, thus sustaining P. delicatissima blooms over prolonged 385 periods. Furthermore, the overwhelming presence of P. delicatissima in mucilaginous 386 macroaggregates (Totti et al., 2005) together with the colonization by this diatom of large 387
Phaeocystis spp. colonies (Sazhin et al., 2007) also suggests an opportunistic ability of P. 388 delicatissima to explore environments with a high organic nutrient content. 389
Overall, present and past research points to the ability of certain Pseudo-nitzschia 390 delicatissima strains to benefit from the presence of organic substrates. Organic sources could as 391 such represent the "missing link" to explain the growth of P. delicatissima when other factors fail to 392 do so (Fehling et 
